The Schottky barrier between the nanoporous TiO 2 /F-doped SnO 2 interface is extracted via experiment for the first time using two independent approaches. In the first approach, Ohmic contacts using Ti and Al on nanoporous TiO 2 film are made to facilitate temperature dependant IV measurements. An extracted barrier height of $0.6 eV at the TiO 2 /F-doped SnO 2 assuming a theoretical value of the Richardson's constant is obtained. The barrier height is incorrectly deduced to be 0.31 eV if a Richardson constant extracted from experimental data fitted to thermionic emission theory is employed. In the second approach, a voltage dependent barrier height of 0.53 eV at T ¼ 285 K is extracted from the dark current characteristics of a dye sensitized solar cell contacted to the nanoporous TiO 2 film via the dye, electrolyte as normal. The analysis shows that in dye sensitized solar cell, the impact of such a barrier is dominant only beyond open circuit voltage conditions in the range above 1-1.2 V. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Dye sensitized solar cells (DSSCs) have begun to rival conventional photovoltaic technology with a record cell efficiency of 15% in perovskite based mesoscopic solar cells exceeding that of amorphous silicon based thin film solar cells. [1] [2] [3] However, the experimental open circuit voltage in DSSC so far measured is less than 1 V (typically 0.7-1 V, for a review see Ref. 4 and the references therein) whilst a theoretical value of 1.1 V is expected in TiO 2 based DSSCs with Ru Trinuclear dyes. 5, 6 The theoretical open circuit voltage in TiO 2 based DSSCs is typically considered as the potential difference between TiO 2 Fermi level and the redox potential of the electrolyte. 6 Under illumination and open circuit condition, as shown in Figure 1 , the Fermi level position is raised to the bottom of the conduction band of the transparent conducting oxide (TCO) contact (F-doped SnO 2 or Indium Tin Oxide) and results in an open circuit voltage, typically 0.8 V. 6 Owing to the finite difference in the electron affinities of TiO 2 and F-doped SnO 2 , a finite energy barrier is expected at a TiO 2 /TCO interface 7 which reduces the photo voltage under working conditions from the expected internal photo voltage (V o ) as V ¼ V 0 À V 1 , where V 1 is the voltage loss across the Schottky barrier (SB). 6, 8, 9 A major consequence of this is the degradation of the fill factor (FF) and loss of efficiency. 10, 11 On the basis of Thermionic emission theory, the voltage loss V 1 can be approximated as where A* is the Richardson constant of TiO 2 , T is the temperature,J is the Thermionic emission current density, / b is the Schottky barrier, n is the ideality factor, and k is the Boltzmann constant ¼ 8.617 Â 10 À5 eV K
À1
. In addition to the existing barrier at the TiO 2 /TCO interface, following the above expression, the voltage drop V 1 also depends on the temperature and current density in DSSCs in the presence of a barrier. Hence pushing the limits of efficiency of DSSCs requires an accurate estimation of the voltage drop and interface engineering at the TiO 2 /TCO interface to minimize the Schottky barrier by controlling the oxygen vacancy density in the TiO 2 compact layer. 11 However, an experimental evaluation of the barrier between the TCO/nanoporous TiO 2 layer in DSSCs is cumbersome due to (a) substantial dye specific charge rearrangement arising from the dye absorption which may lead to a significant modification of the TiO 2 band structure; 12 (b) enhanced electron tunneling mechanism at the nanoporous TiO 2 /TCO interface which may lead to diminished barrier height for DSSCs without a compact layer 13 and in DSSCs with a compact layer where Lithium ion intercalation (from Dye/electrolyte) into the compact layer is prominent. The purpose of a compact layer in DSSCs is to avoid direct contact between the electrolyte and the conductive substrate and to suppress recombination from the FTO substrate.
14 Moreover, in order to reduce the recombination rate in the conduction band of the semiconductor with the oxidized dyes and the tri-iodide in the electrolyte, an intentional potential barrier is engineered between the electrolyte and electrode interface, 15 which poses significant challenges to barrier extraction using conventional I-V-T methods. The transient photo voltage technique has been used to investigate the interface between TiO 2 /TCO and it has been found that the separation and transport of photo induced charge carriers is primarily controlled by the built-in field at the interface. 16 However, a quantification of the SB height at the interface has not been reported. In this work, the SB at the TiO 2 /TCO is examined by engineering an Ohmic contact on the top of TiO 2 . The influence of such an electrode on the electric-fieldinduced resistance-switching of TiO 2 -based metal-Insulator-metal capacitors has been extensively investigated in the literature. [17] [18] [19] Earlier it was shown that sputtered thin films of Ti, Al, and Indium form Ohmic contacts, whereas Cu, Pt, and NiCr form Schottky contacts on TiO 2 .
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Rectifying I-V characteristics have been reported for Au, Ag, Pd, and Ru with TiO 2 thin films in Ref. 18 . In the present study, using two independent approaches to assess the potential 6, 16 barrier at the electrode that collects electrons in a DSSC is extracted. In the first method, Ohmic contacts of Al and Ti are demonstrated on one side of the TiO 2 layer and the Schottky barrier present at the opposite TiO 2 /TCO interface of the TiO2 layer is extracted from temperature dependent I-V measurements. This method does not consider the presence of the dye or electrolyte in a conventional DSSC. The barrier height at the TiO 2 /TCO interface is extracted from thermionic emission theory and shows reproducible values for Ti/TiO 2 /TCO and Al/TiO 2 /TCO interfaces. In the second method, extraction of the barrier is performed by considering the temperature dependent dark current behavior of the entire DSSC, which reveals a voltage dependent barrier at the TiO 2 /TCO interface.
II. EXPERIMENTAL DETAILS
The TiO 2 film is 1 Â 1 cm 2 in dimension and thickness of the film is 12 lm. The TiO 2 films are subjected to a rapid thermal annealing at 500 C for 10 min under Oxygen/Nitrogen environment to improve the crystallinity of the samples. 20 The top contact on TiO 2 is made by depositing 100 nm of Titanium and Aluminium on to the TiO 2 sample on insulating glass substrate by means e-beam and thermal evaporation, respectively. Room temperature I-V characteristics are measured in vacuum using a Desert cryogenic probe station interfaced with a Keithley 4200 source meter. 
III. RESULTS AND DISCUSSION
when V > 3kT=q, the above expression can be approximated as
where
kT Þ with A is the area of the sample, A* is the Richardson constant of TiO 2 (671 A cm À2 =K 2 ), T is the temperature, / b is the Schottky barrier, k is the Boltzmann constant, and n is the ideality factor. 21 From Eq. (3), one can write
i.e.,
On the other hand, the thermionic emission current of a Schottky barrier diode with series resistance can be expressed by Cheung's functions 22 as
and
From Eq. (6), the values of n and R S can be obtained ( Figure 3 (a)) and using Eq. (7), the value of saturation current corresponding to each temperature is obtained ( Figure 3 h 3 , where m Ã is the effective mass of electrons in TiO 2 (5:6 Ã m e ), k and h are the Boltzmann's and Planck's constants, respectively. The significant deviation of the experimentally extracted Richardson's constant from its theoretical value is presumably due to the inhomogeneous barrier present at the interface 23 or due to the known limitation of the forward I-V methods in the extraction of Schottky diodes with high series resistances, 24 where the linear region of the I-V data is narrowed and leads to an erroneous extraction of the saturation current and the barrier height. The voltage drop across the Schottky barrier approximated from the thermionic emission current of a Schottky barrier diode (Eq. (2)) is
The total voltage drop or the experimental voltage measured across the two contacts of the sample is the sum of V D and voltage drop due to series resistance of the sample. Hence
The temperature dependent experimental data is fitted to Eq. (9) using the least square fitting approach to independently determine the values of / b and R S . 25 Here a Richardson's constant of A Ã ¼ 671 A cm À2 =K 2 and area of the sample A ¼ 1 cm 2 were used. The temperature dependent I-V data are shown together with the fit to Eq. (9) in Figure 4 (a). This method facilitates a direct extraction of the serial resistance and barrier height at various temperatures. As shown in Figure 4 (b), the serial resistance exhibits a strong temperature dependence as expected in the case of thermionic emission.
The error bar involved in the extraction is smaller than the size of the symbols used and hence omitted. The barrier height extracted in the case of Ti/TiO 2 /TCO and Al/TiO 2 /TCO samples is the same $0.6 eV at 300 K (Figure 4(c) ), irrespective of the top metals used in the study. This extracted barrier height is consistent with the barrier height estimated at the F-SnO 2 /TiO 2 interface in a Ru based DSSC from room temperature solar cell characteristics. 10 The influence of the Schottky barrier present at the TCO/TiO 2 interface is qualitatively investigated using the simple Kinetic model proposed by Sodergren et al., and electron diffusion differential model by Ni et al. 8, 26 and shown in Figure 4 potential difference between the TiO 2 Fermi level and the redox potential of electrolyte (i.e., the theoretical limit of V OC in DSSC) is given by
where T is the temperature, q is the electronic charge, k is the Boltzmann constant ¼ 8.625 Â 10 À5 eV K
À1
, m is the ideality factor, and L is the electron diffusion length equal to ffiffiffiffiffiffi Ds p , where D is the diffusion coefficient (2 Â 10 À4 cm 2 s À1 ) and s ¼ 10 ms is the mean charge carrier time, 5 and d is the thickness of the TiO 2 film (12 lm). The voltage drop due to existence of a Schottky barrier at the TiO 2 /TCO interface is given by Eq. (1) and using Eq. (10), the photovoltage in a DSSC can be approximated as
Assuming a value of J sc of 15 mA/cm 2 and an electron concentration in the dark n 0 of (10 16 cm
À3
), 5 the variation of fill factor and the reduction of maximum power generated by the solar cell (DP max Þ in a range of barrier height of 0.3-0.8 eV is shown in Figure 4(d) . From the analytically obtained data, it is evident that when the Schottky barrier is greater than 0.5 eV, a significant reduction in the FF and power generated per unit area of the cell, P max is observed. [8] [9] [10] Correlating the experimentally extracted barrier value of $0.6 eV between TiO 2 /TCO interface, a reduction of FF $ 30% and the 60% reduction in the P max are deduced. A justification of the high barrier height of 0.6 eV measured in the present study stems from the intrinsic nature of TiO 2 and is well reflected in the large serial resistance values ($10 MXÞ extracted when Al and Ti are used as the top contacts. The dependence of barrier height on the cell performance in Figure 4 (d) shows that interface engineering is required to minimise the barrier <0.5 eV for the optimum performance in DSSCs.
It is important to note that the above experimental extraction of the barrier does not consider the dye/electrolyte induced electronic structure modification in the case of TiO 2 reported earlier 12 and the resultant modification of the interface between TiO 2 and TCO. In order to address this, an extraction of barrier height from a fully fabricated DSSC consisting of a TiO 2 /Fdoped-SnO 2 back contact is undertaken by performing temperature dependent dark current measurements. 
where R and G are the series resistance and shunt conductance, respectively, J 0 and n are the diode parameters. For cases when RG ( 1,
The shunt conductance evaluated from the dJ/dV versus V plot (inset of Fig. 5(a) ) for all temperatures used in the study are in the range of 10
À5
-10 À5 S/cm 2 , hence a shunt resistance (R SH ) greater than 10 4 X is used. From Eq. (13), the series resistance and ideality factor of the primary diode in the cell (D 1 ) can be obtained as shown in Fig. 5(b) . The representative data corresponds to two different temperatures and the extracted parameters are also shown in Fig.  5(b) . Table I summarises the parameters corresponding to the primary diode (D 1 ) and the effective series and parallel resistances extracted at various temperatures. From Table I , a reduction of lumped resistance in series with the primary diode with increasing temperature and this can be attributed to change of sheet resistance of TiO 2 or the enhancement in the reaction kinetics of the electrolyte acceptor species interacting with the semiconductor surface with rising temperature. 28 Using the equivalent circuit shown in Fig. 5(c) , the dark current density of the solar cell without considering a blocking diode (D 2 ) arising presumably due to the Schottky barrier at the TiO 2 /TCO interface can be expressed as
where J 0 is the saturation current density, n is the diode ideality factor, K is the Boltzmann constant, and R S and R SH are the series and shunt resistance, respectively. Using the extracted values of n, R S (from Fig. 5(b) ) for various temperatures, the saturation current density corresponds to the primary diode (D 1 ) is obtained by fitting the experimental data at each temperature using . Signatures of such a blocking behaviour are apparent at low temperature in Fig. 5 (b) when J À1 is minimum. This indicates that the blocking behaviour can be prevalent only when thermionic emission is suppressed (low temperatures) and is less significant at room temperature operation.
The dark current density in the presence of the blocking diode can be expressed as
where J 0 0 and n 0 are the saturation current density and ideality factor of the blocking diode and Table II. Corresponding to the saturation current density of 0.0185 A/cm 2 for T ¼ 285.2 K, a Schottky barrier (/ b Þ of $0.53 eV can be extracted using the
The extracted barrier is found to increase with temperature and this can be explained on the basis of the bias dependence of the potential barrier at the TCO/TiO 2 interface. As depicted in Figure 1(d) , in the case of a DSSC, as the forward voltage increases from flat band situation, a potential barrier originates at the interface and this barrier may become progressively higher as the forward bias increases. From the temperature dependent dark I-V data shown in Fig. 5(d) , the forward voltage corresponding to the deflection point from the one-diode model shifts to higher positive biases (>1 V) as temperature increases. As discussed above, increase of such forward bias results in a higher potential barrier. However, in a solar cell, the potential barrier existing in open circuit conditions (typically V % 0.8 V) is only of significance and it is expected that the barrier corresponding to open circuit conditions is lower than the estimated value of $0.53 eV for T ¼ 285.2 K (this barrier values corresponds to V % 1.25 V). It is shown above in Fig. 4 (c) that in the case of Al/TiO 2 /TCO or Ti/TiO 2 /TCO samples, a barrier variation of <0.1 eV over a temperature range of DT % 160 K is only observed. From this, assuming that the Schottky barrier essentially remains the same with temperature over a range of 226 K-285 K, the observed increase of the barrier height from $0.44 eV to 0.54 eV can be attributed mainly to the increase of forward bias from $0.97 V to 1.25 V. From this, a barrier height corresponding to the open circuit condition is approximated by extrapolating the barrier height to a forward voltage of 0.8 V and is measured as %0.38 eV. In Fig. 4(d) , it is shown that such a barrier has no significant influence in the cell performance, as reported earlier via modelling 9, 10 and as evidenced from the dark I-V of the solar cell in Fig. 5(d) . The reduced barrier height estimated in the case of dye/electrolyte encapsulated TiO 2 /TCO interface as compared to intrinsic TCO/TiO 2 interface can be attributed to the dye specific modification of the TiO 2 band structure as reported earlier. 12 
IV. CONCLUSION
A quantitative evaluation of the Schottky barrier present at the TiO 2 /TCO interface is facilitated by establishing Ohmic contacts at the rear side of TiO 2 and using TCO as the second electrode. The study identifies a barrier height of $0.6 eV extracted at the TiO 2 /TCO interface with Al and Ti contacts. Pitfalls associated with estimation of Richardson's constant leading to a significant under estimation of barrier height are demonstrated. The impact of the presence of such a Schottky barrier on the performance of a conventional DSSC is discussed. The extracted barrier at the TiO 2 /F-doped SnO 2 interface of the present dye sensitized solar cell is found to be mainly dominant only beyond open circuit voltage conditions in the range above 1-1.2 V. The present study also shows the necessity of the optimization of the TiO 2 /TCO interface in order to maximize the performance of the DSSC.
